Hypoxic-ischemic encephalopathy (HIE) is a complex condition which is associated with high mortality and morbidity. However, few promising treatments for HIE exist. In the present study, the central objective was to identify the therapeutic effect of pilose antler polypeptides (PAP) on HIE in rats. Sprague-Dawley (SD) rats (14 days old) were used and divided into three groups, including control group, hypoxic-ischemia (HI) group and PAP group. After 21 days of treatment, locomotor activity was improved in PAP-treated rats, brain atrophy was decreased and cerebral edema was mitigated to some extent. Real-time quantitative polymerase chain reaction (RT-qPCR) analysis indicated that PAP administration decreased the expressions of inflammatory cytokines and apoptosis genes in hippocampus compared with HI group. Furthermore, the mRNA expressions of genes related to neurotrophic factors were significantly increased in the hippocampus. In addition, the expressions of oxidative stress markers were all down-regulated after PAP administration. Moreover, PAP up-regulated both the mRNA and protein levels of SDF1 and CXCR4, which may activate the SDF1/CXCR4 axis to moderate brain injury. These results suggest that PAP may be potentially used in the treatment of HIE.
Introduction
Hypoxic-ischemic encephalopathy (HIE) is a complex condition which causes mortality and severe long-term neurologic morbidity of children [1, 2] . Survivors of this disease may face lifelong issues such as neurodevelopmental sequelae, developmental delays, cognitive dysfunction, muscle tension or motor abnormalities [3] [4] [5] , and cerebral palsy [6] . The current treatment strategies are extensive, involving surgery, rehabilitation therapy, comprehensive treatment, and medical treatment [7] . Therapeutic hypothermia is the most widely used method for patients with severe HIE, but it is not suitable for every patient; half of affected newborns still die or have a severe neurologic disability [8] [9] [10] . Therefore, additional and more effective therapies for patients with HIE are needed.
Deer antler is a common Chinese clinical medicine used for the treatment of neurological diseases or as an adjuvant modality for patients. Previous studies have found that the growth factors in deer antler can stimulate cell viability, proliferation [11] , differentiation, and axon growth [12, 13] . Pilose antler polypeptides (PAP), one of the main active ingredients of deer antler, have been proven to promote protein synthesis in nerve cell bodies and regeneration of mature axons [14, 15] . It is known that PAP can maintain survival and promote growth and differentiation of neural cells in vitro, especially for the development of neural tissues [16, 17] . Neural stem cells can be successfully induced into neurons by velvet antler polypeptides [14] . Therefore, PAP may play a role in functional reorganization and cerebral compensation in rats with brain injury, which might be related to increased neuronal survival.
Neurotrophins are a family of neurotrophic factors that have been shown to be necessary for the growth and survival of neurons [18] [19] [20] . It has been demonstrated that the mRNA level of brainderived neurotrophic factor (BDNF) was up-regulated in the area of a cerebral infarction [21] . In response to a strong apoptotic stimulus for brain development after suffering hypoxic-ischemic (HI) injury, BDNF blocks the activation of Caspase-3 and plays a protective role in vivo [22] . Glial-cell-line-derived neurotrophic factor (GDNF) treatment has been shown to be effective in reducing brain damage and impairment of learning and memory in neonatal rats [23, 24] . Therefore, both BDNF and GDNF have been demonstrated to inhibit cell apoptosis and protect against tissue loss. On the other hand, homeostatic chemokine stromal-derived factor-1 alpha (SDF-1α) and its receptor CXCR4 are indispensable for the normal development of the nervous system [25] . Previous studies have demonstrated that SDF-1α can promote neuromodulation and plays a role in brain inflammation [26] . Moreover, recent studies have proved that SDF-1α and CXCR4 play a key role in homing, survival and engraftment of stem cells [27] . Therefore, neurotrophins and chemokines may be involved in the pathogenesis of HIE.
It is still unknown whether PAP plays a neuroprotective role in the regulation of neurotrophic factors, and whether PAP can mitigate neonatal brain injury in rats. Thus, the aim of our study was to examine the neuroprotective effect of PAP and their potential role in brain injury in rats.
Materials and Methods

Materials
PAP was purchased from Xi'an Sen Ran Biological Engineering Co. Ltd (Xi'an, China). This drug is one of the main components of the active ingredients in antler.
Animals
A total of nine Sprague-Dawley rats (three male and six female; 220-250 g) were purchased from the China National Laboratory Animal Resource Center (Shanghai, China). They were kept in a temperature-controlled (22 ± 1°C) and light-controlled (12/12 h light/dark cycle) room with free access to standard rodent chow and tap water. Rats were mated with a male-to-female ratio of 1:2, and neonatal rats were bred after 25 days. All experiments were performed following the Guide for the Care and Use of Laboratory Animals, written by the Ministry of Science and Technology of the People's Republic of China.
Establishment of neonatal hypoxic-ischemic animal models
On postnatal Day 14 (P14), 45 rats were randomly divided into two groups: control group with sham operation (n = 15) and experimental group (n = 30). Hypoxic-ischemic brain injury was performed according to the previously described method [28] . Briefly, animals were anesthetized by injection of sodium pentobarbital (45 mg/kg body weight). In the supine position, a midline ventral incision was made to expose the left common carotid artery (LCCA), which was carefully separated from the vagus nerve. Then, the exposed LCCA was double-ligated with a 5/0 thread, followed by severing of the artery in between. Next, the incision was sewn up. After 3 h of recovery, the rats were placed in a special sealed, transparent, thermostatic hypoxia case for a warm bath at 37°C. Nitrogen gas was pumped into the hypoxia case at 100 ml/min for 2 h, which made the oxygen content ratio to be 8% (92% N 2 and 8% O 2 ). The sham surgery group was treated in the same way as the experimental group, without ligating and cutting the LCCA. After surgery, eight rats in the experimental group died and excluded from the experiment. Rats were fed in the parent cage until they could eat rodent chow and drink water by themselves.
Experimental design
Rats (P15) with successful cerebral injury were divided into two groups: one group (HI; n = 10) received sterile water only, and the other group (PAP; n = 12) received PAP (16 mg/kg body weight). The Control group (n = 15) received 0.1 ml sterile water every day. The volume of water was equivalent to the dosage of the other two groups. All animals were administered by gavage for 3 weeks. The study was approved by the Research Committee of the Zhejiang University of Technology. The experimental design is summarized in Supplementary Fig. S1 .
Locomotor activities test
Total daily activity was analyzed as previously described [29] . Behavioral activity was monitored with an Activity Monitoring System (Muromachi, Tokyo, Japan), which measured events of infrared beam breaking in 1-min bins. Locomotor activity was monitored continuously until the end of the experiment.
Morris water maze (MWM) test
A Morris water maze consisting of a round plastic pool (160-cm diameter, 55-cm depth) was used to test and record the spatial learning ability of rats. As described previously [30] , rats were trained four times every day at 15-min intervals at the same time for 6 consecutive days. On the seventh day, the platform was removed, and the rats swam in the pool for 60 s. An automatic tracking system (ANY-maze Video Tracking Software, Stoeling, USA) was used to record escape latency time, the crossing times and latency time of rat first entered the platform area.
Open field test Hematoxylin & eosin (H&E) staining, Nissl staining, and tissue slice scanning After 21 days of PAP treatment, animals were sacrificed after deep anesthesia by i.p. injection of pentobarbital sodium (45 mg/kg body weight). Tissues were quickly removed, and each collected hippocampus and cerebral cortex was fixed in 4% paraformaldehyde and stained with hematoxylin-eosin and tolridine blue. The whole brain was sectioned and visually examined using tissue section scanners.
Real-time quantitative polymerase chain reaction (RT-qPCR)
The methods for hippocampus RNA extracting were the same as a previous study [29] . Briefly, Total RNA in the hippocampus was isolated using Trizol reagent (TaKaRa, Dalian, China). cDNA was synthesized using a reverse transcriptase kit (Toyobo, Japan). RTqPCR was performed using the SYBR Green system (Toyobo, Tokyo, Japan) in an Eppendorf MasterCycler ep RealPlex4 (WesselingBerzdorf, Germany). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for normalization. The sequence of primers used are listed in Table 1 .
Western blot analysis
Western blot analysis was performed according to the protocols used in our laboratory as described previous [31] . Briefly, protein samples of 40 μg were separated and then transferred to PVDF membranes (Rockford, Pierce, USA), which were then blocked with non-fat milk powder and incubated with the primary antibodies (SDF1, Abcam, Cambridge, USA) and CXCR4 (Abcam) for overnight and then goat anti-rabbit peroxidase-conjugated secondary antibody for 90 min (Santa Cruz Biotechnology). Blots were washed three times with FBST, developed using ECL detection kit (PerkinElmer, Inc., Waltham, USA), and exposed to X-ray film (Fuji, Tokyo, Japan).
Statistical analysis
Data are expressed as the mean ± SEM, unless stated otherwise. All statistical analyses were carried out using a one-way ANOVA followed by the Student-Newman-Keuls test. Difference was considered to be significant if P < 0.05. 
Results
Effects of PAP administration on behaviors
One day after surgery, no behavioral change was observed in the control group. They took the initiative to crawl to the female rats with no left or right shaking phenomenon. Rats in the other two groups were sluggish, with loss of active exploration behavior, and could not walk straightly. They showed unilateral dumping and contralateral circling. Twenty-one days after PAP administration, the PAP-treated rats were more active compared with the HI rats. To some extent, the behavior of PAP-treated rats was ameliorated. When their tails were suspended, the number of occurrences of cross leg as well as contralateral circling appeared to be reduced, indicating that the symptom of HI was relieved by PAP.
Effects of PAP administration on locomotor activity
Total locomotor activity is shown in Fig. 1A . Rats in the HI group were less active compared with those in the other groups. PAP administration restored the activity of HI rats, with the level close to that of control group. In addition, the results of activities in both the light and dark phases were similar to those of total activities (Fig. 1B) . Specifically, rats in the HI group were overall less active than rats in the control group. And at zeitgeber time 0 (ZT0), ZT2, ZT12, and ZT16, no significant difference was found between the PAP group and control group (Fig. 1C) . The ratio of daily light/dark phase activity was similar among all the three groups (Fig. 1D) .
Effects of PAP administration on the spatial memory and learning ability MWM test was used to investigate the spatial memory and learning ability of HIE rats after 10 days of PAP treatment. The escape latency time gradually decreased over the training period for all groups, and the escape latency time in the HI group was much higher than that in the control group (Fig. 2A) . PAP administration had little effect on the MWM test. Rats in the HI group took more time to find the platform area (Fig. 2B) . Fewer crossing times were observed in the HI group than in the control group (Fig. 2C) . The number of crossings was increased by PAP administration, though there was no significant difference between the PAP group and the HI group.
To further investigate the ability of space exploration, open field test was conducted one day before sacrifice. The total distance of the HI group was the shortest among the three groups (Fig. 2D) and there was few times in the HI group to enter to the new zone (Fig. 2E) , as well as the times of their heads in the new zone (Fig. 2F) . In addition, the results showed that rats in the HI group spent more time in first entering to the new zone (Fig. 2G) , indicating low ability of space exploration in the HI group on average. However, there was no significant difference between the PAP group and the control group or between the PAP group and the HI group.
Effects of PAP administration on brain morphology and histology
Tissue slice scanning was used to confirm that the surgical approach produced hypoxic ischemia in the rat brains and to determine the therapeutic efficacy of PAP administration. The result showed that the surgery was successful and brain atrophy was found both in the HI group and in the PAP group (Fig. 3A) . The brain area was smaller in rats of the HI group and PAP group that those in rats of the control group. The right-brain areas in all groups were similar, which indicated that the major difference was in the left brains.
H&E staining and Nissl straining analyses revealed that hypoxic-ischemic treatment led to a mass of inflammatory cell infiltration and less viable cells in brain tissue (Fig. 3C) . In the control group, the nucleus was normal, the cytoplasm was not condensed, The ratio of daily light/dark phase activity. Data are expressed as the mean ± SEM. Significant differences between the control group and the HI group as well as the PAP group are indicated by asterisks (*P < 0.05 and **P < 0.01), and the significant differences between the HI group and the PAP group are indicated by pound signs ( # P < 0.05 and ## P < 0.01). CON: Control group. and the nerve cell structure was intact. However, in the HI groups, a variety of necrotic and degenerated neurons were observed, and PAP administration ameliorated these damaged neurons slightly. The significant increase of the percentage of inflammatory cell infiltration in the cortex and hippocampus induced by HI was reduced by PAP administration (Fig. 3D) . In addition, the PAP administration increased the percentages of viable cells in hippocampus after HI (Fig. 3E) .
Effects of PAP administration on neural function in hippocampus
In order to investigate the neuroprotective effect of PAP, the mRNA expressions of neurotrophic factors, oxidative-stress markers, inflammatory and apoptotic genes were measured in the hippocampus. Results showed that the expressions of major neurotrophic factors, including GDNF and nerve growth factor (NGF), were up-regulated significantly in the PAP group compared with the control group (Fig. 4A) . The expression of BDNF was not affected neither by HI nor PAP administration, while the expressions of GDNF family receptor alpha 1 (Gfr1α) and nerve growth factor receptor (Ngfr) were both increased by PAP administration (Fig. 4A) . Next, to evaluate the oxidative stress in the hippocampus, the expressions of Glutathione peroxidase (Gpx), Glutathione S-transferase (Gst), Heme oxygenase (Ho-1), Superoxide Dismutase-1 (Sod1), and Sod2 were measured by RT-qPCR. The results showed that the expression levels of Gpx and Gst were both decreased in the HI group compared with those in the control group. However, Ho-1, Sod1, and Sod2 were all up-regulated in the HI group and down-regulated after PAP administration (Fig. 4B) .
The down-regulated expressions of oxidative-stress-related genes may decrease inflammation and apoptosis. The results showed that the expressions of inflammatory genes, including interleukin-1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α) in the hippocampus were increased in the HI group compared with those in the control group, while PAP administration decreased the expressions of inflammatory genes in the brain hippocampus (Fig. 4C) . Inflammation may promote apoptosis. Therefore two apoptosis-related genes, Caspsae-3 and B lymphoma-2 (Bcl-2), were measured in the hippocampus (Fig. 4D) . The mRNA level of Caspsae-3 was significantly higher in the HI group than in the other groups. The expression of Bcl-2 showed an increasing trend in the PAP group. No significant difference in the mRNA level of Bcl-2 was observed among the three groups.
Effects of PAP administration on SDF-1/CXCR4 system in the hippocampus
The expression of Sdf-1 in the PAP group was found to increase compared with those in the control and HI group, while Cxcr4 was up-regulated by HI, which was further increased after PAP administration (Fig. 5A) . Consistent with the results of RT-qPCR, protein levels of these chemokines in hippocampus were further confirmed by western blot analysis (Fig. 5B) . Quantification results indicated that the protein level of SDF was increased significantly in the hippocampus of rats in the HI group, and PAP administration lead to a further increase of SDF protein (Fig. 5C) . Similar results were obtained in the protein level of CXCR4 (Fig. 5C) .
Discussion
HIE is a common disease with the high morbidity and mortality rate, which causes a huge burden for the patient's family, and limited effective strategies are currently available for the treatment of Significant differences between the control group and the HI group as well as the PAP group are indicated by asterisks (*P < 0.05 and **P < 0.01), and the differences between the HI group and the PAP group are indicated by pound signs ( # P < 0.05 and ## P < 0.01). CON: Control group.
this disease. In this study, we established an HIE animal model and evaluated the therapeutic efficacy and neuroprotective effect of PAP, the main active ingredients of a traditional Chinese medicine Deer antler, on HIE. Our results indicated that intragastric administration of PAP in rats with brain injury improves the locomotor activity, decreases brain atrophy, and mitigates cerebral edema. In the meantime, spatial learning ability and long-term spatial memory were restored to some extent. Therefore, PAP might be used for the treatment of HIE. The HIE animal model established using Rice's method has the advantages of high success rate, good reproducibility, and simple operations. LCCA was ligated and sheared for simulating low blood flow in unilateral brain, which could not be recovered by themselves. The 14-day-old rats were used in order to imitate the disease occurring in the childhood. The shaking behavior, no paw extending and poor memory are symptoms similar to those seen in people with neurological damage.
We found that rats with cerebral injury in the PAP group were more active than those in the HI group, indicating that PAP administration may increase behavioral activity. Jang et al. [32] found that fermented deer antler enhanced exercise endurance capacity by reducing oxidative damage. After a hypoxic-ischemic attack, immune cells in the brain were stimulated and generated several oxygen free radicals, leading to the brain tissue damage. Our results showed that Gpx and Gst genes were down-regulated in the HI group, while Ho-1 gene was up-regulated in the hippocampus of the HI group, indicating severe oxidative damage in hippocampus. PAP administration could effectively reduce oxidative stress caused by hypoxiaischemia, indicating the anti-oxidative effect of PAP. Therefore, we speculate that PAP may decrease oxidative-related gene expressions in brain tissue to enhance the exercise capability of rats. It is has been demonstrated that prior experience in the MWM test enhances spatial memory [33] . Our findings showed that PAP administration was found to improve learning and memory ability in HI rats. These results indicated that PAP has strong effect of ameliorating memory. Our results were consistent with previous findings that deer bone extract administration increased memory after scopolamine-induced memory impairment [34] .
It has been suggested that oxidative stress plays a role in the crosstalk between inflammatory systems [35] . When a hypoxicischemic attack happens, microglia produces excess reactive oxygen species (ROS) and inflammatory cytokines [36] . The main proinflammatory cytokines, including IL-1β, IL-6, and TNF-α, rapidly increase and cause collective accumulation in the brain tissue, resulting in brain injury. Apoptosis of neuronal cells is further induced after the damage of brain [35] . Apoptosis is a physiological process that functions as an essential mechanism of tissue homeostasis [26] . There are two different apoptosis pathways in HIE, extrinsic and intrinsic. The Caspase family is activated by external factors, such as inflammatory factors, while Bcl-2 family triggers the inner program Data are expressed as the mean ± SEM. Significant differences between the control group and the HI group as well as the PAP group are indicated by asterisks (*P < 0.05 and **P < 0.01), and the differences between the HI group and the PAP group are indicated by pound signs ( # P < 0.05 and ## P < 0.01). CON: Control group.
for cell survival or apoptosis [37] . In order to determine whether PAP exerts its cerebroprotective by down-regulating inflammatory markers and apoptosis genes in brain, we examined the mRNA levels of inflammatory factors and apoptosis-related genes. The results showed that PAP administration reduced the inflammation and decreased the apoptosis caused by HI in the hippocampus, indicating that PAP plays an anti-inflammatory and anti-apoptotic role. GDNF is one of the most effective neurotrophic factors and the most significant trophic factor for motor neurons. PAP administration increased the expression of GDNF and thereby promoted the neuroprotective effect. Oppenheim et al. [38] reported that muscle-specific Data are expressed as the mean ± SEM. Significant differences between the control group and the HI group as well as the PAP group are indicated by asterisks (*P < 0.05 and **P < 0.01), and the differences between the HI group and the PAP group are indicated by pound signs ( # P < 0.05 and ## P < 0.01). CON:
Control group. Significant differences between the control group and the HI group as well as the PAP group are indicated by asterisks (*P < 0.05 and **P < 0.01), and the differences between the HI group and the PAP group by are indicated pound signs ( # P < 0.05 and ## P < 0.01). CON: Control group.
over-expression of GDNF or GDNF treatment in utero promoted motor neuron survival, suggesting that GDNF is a physiological survival factor for a subpopulation of motor neurons. Thus, the upregulation of GDNF may also lead to increased activities in PAPtreated rats. In addition, we also found that the expression of NGF was increased in the PAP group, as was its receptor, NGFR, compared with those of the control group. NGF is important in promoting axonal regeneration after transplantation of NPCs in models of spinal injury [39] . Other researchers also found that the percentage of cells that proliferate into neuronal phenotypes was doubled when NGF was added into the culture medium of human embryonic stem cells at low doses [40] . Therefore, high expression of NGF might have a protective effect and promote cell differentiation into neurons. Akt was found to be activated in an infarct area to reduce the volume of infarction [41] . Previous studies have shown that the PI3K/Akt pathway may be activated by BDNF or GDNF [42, 43] . Xu et al. [44] found that the increased expression of GDNF exerts its neuroprotective effect through the RET receptor tyrosine kinase on the Akt pathway. Although we did not detect the Akt protein, we reasonably assume that BDNF and GDNF may also activate the PI3K/Akt signaling to exert the neuroprotective role.
Interestingly, PAP administration increased the expression of the SDF-1 gene and especially its receptor, CXCR4. Therefore, PAP may affect HIE rats via the SDF1/CXCR4 pathway to induce the recruitment of mesenchymal stem cells. It is well-known that SDF1 belongs to the CXC chemokine family, and CXCR4 is a functional receptor that regulates stem/progenitor cell migration [45, 46] . The SDF1/CXCR4 system plays important roles in cell migration, proliferation and apoptosis, as well as in promoting the differentiation of bone marrow mesenchymal stem cells in damaged areas of the brain [47, 48] . Previous reports also confirmed that exploitation of the SDF1/CXCR4 axis could enhance the efficacy of stem cells homing on the appropriate injured target tissues [49] . It has also been proven that SDF1 plays a neuroprotective role in neonatal brain injury in rats [3] . Therefore, the beneficial effects of PAP may associated with the stimulation of SDF1/CXCR4 axis, which resulted in enhanced stem cells homing, and thereby ameliorate HI disease. Taken together, our results demonstrated that PAP administration in HIE rats has therapeutic effects. PAP administration improves the behavior of HIE rats and mitigates the brain injury. PAP plays a neuroprotective role through reducing the expressions of oxidative damage genes, improving the anti-apoptotic ability and increasing the expressions of neurotrophic factors genes. The underlying mechanism may be ascribed, at least partially, to the increased expressions of neurotrophic factors and the SDF1/CXCR4 axis.
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